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Regulation of Frizzled by Fat-like Cadherins
during Planar Polarity Signaling
in the Drosophila Compound Eye
et al., 1989; Kennerdell and Carthew, 1998; Bhanot et
al., 1999) as a key player in the interpretation of PCP
information (Adler and Lee, 2001). It has been proposed
that neighboring cells compare their levels of Fz activity
along their border and that the side with higher Fz activ-
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Another example of PCP occurs in the DrosophilaStanford, California 94305
compound eye (Figure 1A). The eye consists of approxi-
mately 800 units called ommatidia, each containing
eight photoreceptor cells arranged in an asymmetricSummary
trapezoid (Figure 1B; Wolff and Ready, 1993). PCP is
evident in the orientation of the ommatidia. Each eye isPlanar polarity is evident in the coordinated orientation
divided into dorsal and ventral fields separated by aof ommatidia in the Drosophila eye. This process re-
boundary called the equator. The ommatidia of the dor-quires that the R3 photoreceptor precursor of each
sal and ventral fields are mirror images of each otherommatidium have a higher level of Frizzled signaling
(Figures 1C and 1D). To form this pattern, ommatidiathan its neighboring R4 precursor. We show that two
must respond to directional information (the positionscadherin superfamily members, Fat and Dachsous,
of the equator and the nearest pole) within the plane ofand the transmembrane/secreted protein Four-jointed
the epithelium (Wehrli and Tomlinson, 1998). Evidenceplay important roles in this process. Our data support
that this process may be mechanistically similar to othera model in which the bias of Frizzled signaling between
forms of PCP comes from the observation that manythe R3/R4 precursors results from higher Fat function
genes essential for proper polarization of hairs and bris-in the precursor cell closer to the equator, which be-
tles also are required for correct ommatidial polaritycomes R3. We also provide evidence that positional
(Shulman et al., 1998).information regulating Fat action is provided by graded
The development of PCP in the eye is tightly coupledexpression of Dachsous across the eye and the action
to photoreceptor cell fate specification. Ommatidial dif-of Four-jointed, which is expressed in an opposing
ferentiation begins in the eye imaginal disc, the larvalexpression gradient and appears to modulate Dach-
precursor of the eye, and is marked by the progressionsous function.
from posterior to anterior of an indentation known as
the morphogenetic furrow. Anterior to the furrow, theIntroduction
position of the equator has been determined at the bor-
der between fringe (fng)-expressing ventral cells andPolarization along the apical/basal axis is a universal
fng-nonexpressing dorsal cells (Irvine and Vogt, 1997).feature of epithelial cells and is important for specialized
Posterior to the furrow, ommatidial assembly beginsepithelial functions such as vectorial transport. In addi-
with the differentiation of R8, followed by the pair-wisetion to apical/basal polarity, the cells of many epithelial
addition of the R2 and R5 cells. Photoreceptors R3 andtissues are also polarized along an axis orthogonal to
R4 are then added to form a unit called an ommatidialthe apical/basal axis. This form of epithelial polarity is
precluster. Photoreceptors R1, R6, and R7 are thenknown as planar cell polarity (PCP) or tissue polarity
added (Wolff and Ready, 1993). The dorsal and ventral
(Eaton, 1997). The molecular mechanisms responsible
preclusters are initially indistinguishable (Figure 1E, col-
for PCP are less well understood than those used to
umn 1). Mirror-image polarity between dorsal and ven-
establish apical/basal polarity. While the establishment tral clusters arises when the precursors of the R3 and
of apical/basal polarity is directed by local cues such as R4 cells adopt distinct fates such that the one located
the presence of integrin ligands in the basal extracellular closer to the equator becomes R3 while the other adopts
matrix, no obvious local signals exist within the plane the R4 fate (Figure 1E, column 2). The dorsal and ventral
of the epithelium to direct PCP. As a result, it has been clusters then rotate 90 in opposite directions to estab-
proposed that PCP is controlled by long-range gradients lish the final mirror-image polarity pattern (Figure 1E,
of signaling molecules (Lawrence, 1966; Stumpf, 1966). columns 3 and 4; Strutt and Strutt, 1999).
The most extensively studied examples of PCP occur Previous studies have suggested that the ultimate
in Drosophila (Shulman et al., 1998). PCP is apparent in determinant of the R3/R4 cell fate decision is a competi-
the orderly arrangement of the bristles and hairs that tion for Notch (N) activation between the two adjacent
cover the body. These cuticular structures, which are precursor cells with the cell acquiring higher N activation
the outgrowths of single epidermal cells, point distally becoming R4 (Cooper and Bray, 1999; Fanto and Mlod-
in the wings and posteriorly in the body. Genetic analysis zik, 1999; Tomlinson and Struhl, 1999). This competition
of this process has led to the identification of Frizzled is biased by the presence of higher Fz signaling in the
(Fz), a seven-pass transmembrane protein that can act more equatorially located R3/R4 precursor. This leads
as a receptor for Wnt class signaling molecules (Vinson to increased Delta (Dl) expression in the equatorial cell,
which activates N signaling in the polar R3/R4 precursor
cell (Figure 1F; Cooper and Bray, 1999; Fanto and Mlod-3 Correspondence: msimon@stanford.edu
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Figure 1. Planar Polarity in the Drosophila Eye
Unless indicated, pictures are oriented anterior to the left, posterior to the right, dorsal up, and ventral down.
(A) An SEM of a Drosophila compound eye.
(B) A dorsal (green arrow) and a ventral (red arrow) ommatidium. The rhabdomeres (the round blue dots) of R1–R7 photoreceptors are arranged
in a trapezoid. R8 is not visible in this plane of section.
(C) A tangential section showing that the eye is divided into a dorsal and a ventral fields. The equator is shown in red.
(D) A schematic diagram of (C). Green trapezoids represent dorsal ommatidia. Orange trapezoids represent ventral ommatidia. The equator
is in black.
(E) A diagram of the process of R3/R4 cell fate specification and ommatidial rotation. When the clusters first emerge (column 1) behind the
morphogenetic furrow (Mf), the R3/R4 precursors (pink) are not in contact. Following cell-cell contact between the R3 and the R4 precursors
(column 2), the two cells adopt distinct fates, with the cell located closer to the equator becoming R3 (red) while the other becomes R4
(green). The clusters then rotate 90 (columns 3 and 4) to establish the final pattern. R1, 6, and 7 are not included in the diagram for simplicity.
(F) A diagram depicting how R3/R4 precursors adopt distinctive fates. Greater Fz activation in the equatorial cell results in greater N activation
and R4 specification in the polar cell. Abbreviations: E, equatorial cell; P, polar cell; Eq, equator.
(G) A tangential section of a fzH51/fzKD4a eye. The polarities of fz ommatidia are randomized and display aberrant rotation. Some ommatidia
(marked by asterisks) lack distinct R3 and R4 cells.
(H) A schematic diagram of (G). In addition to misrotated dorsal (green) and ventral (orange) ommatidia, there are also ones (light green and
pink trapezoids) that are flipped along the A-P axis.
(I) Predicted structures of Ft, Ds, and Fj. Fj encodes a type II transmembrane/secreted protein. Abbreviations: EGF, EGF-like domain; LG,
Laminin A G-like domain.
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Figure 2. Ft Is Required for Proper Ommatid-
ial Polarity and R3/R4 Specification
(A) A section of a ft1 eye. Ommatidia of re-
versed polarity can be detected (indicated by
asterisks).
(B) A section of a ft(2)fd homozygous clone.
Clones were marked by the absence of pig-
ment granules due to the lack of white
function.
(C) A schematic diagram of (A).
(D) A schematic diagram of (B). Black line
indicates the clonal border.
(E and F) The E(spl)m0.5 (R4 marker) expres-
sion pattern within ommatidial clusters is al-
tered in ftl(2)fd clones.
(E) ft mutant clones (yellow arrows) marked
by the lack of GFP staining.
(F) The patterns of E(spl)m0.5 expression
(green) in individual clusters (Elav, red) are
randomized within the clones (inside the
white dotted lines). Compare white to blue
arrows.
zik, 1999; Tomlinson and Struhl, 1999). In support of this two sources. Expression of Wingless (Wg) at the poles
of the eye disc results in Ds expression that is high atmodel, the absence of Fz function from only one of the
R3/R4 precursors leads to the fz cell becoming R4 the poles and low at the equator. This gradient of Ds
function is then further refined by the action of Fj, whichwhile the fzcell becomes R3 (Zheng et al., 1995; Tomlin-
son and Struhl, 1999). is expressed in an opposing gradient and appears to
modulate Ds function.The key role of Fz has led to the idea that gradients
of Wnt ligands direct the orientation of PCP (Figure 1F).
However, none of the known Wnts appear to be ex- Results
pressed in the expected pattern (high at the equator,
low at the poles) in the eye imaginal disc (C. Logan and Ft Regulates the Pattern of R3/R4 Specification
Previous studies have shown that ft is an essential geneR. Nusse, personal communication). This suggests that
the graded activation of Fz may result from signals other encoding a large (500 kDa) transmembrane protein
with 34 extracellular cadherin repeats (Figure 1I; Maho-than Wnt molecules. In this study, we have investigated
the mechanisms regulating Fz signaling in the eye. We ney et al., 1991). These studies also showed that clones
of cells lacking Ft exhibit excessive growth relative todemonstrate that two cadherin superfamily members,
Fat (Ft) and Dachsous (Ds), as well as the transmem- their wild-type neighbors (Bryant et al., 1988; Mahoney
et al., 1991). Our first indication that Ft functions duringbrane/secreted protein Four-jointed (Fj), three mole-
cules previously shown to play roles in regulating wing PCP signaling in the eye came from examining flies
homozygous for the weak, viable ft allele, ft1. A smallhair polarity (Adler et al., 1998; Zeidler et al., 2000), are
crucial in establishing the equatorial/polar bias of Fz fraction of ommatidia with reversed dorsal-ventral (d-v)
polarity were consistently observed (Figures 2A and 2C).signaling. We propose that greater Fz signaling in the
equatorial cell results from the presence of greater Ft To examine the effects of stronger ft alleles on ommatid-
ial polarity, FRT-mediated mitotic recombination (Xufunction in each equatorial R3/R4 precursor cell relative
to its polar neighbor. Our data suggest further that the and Rubin, 1993) was used to generate clones of cells
homozygous for the lethal ft alleles, ftl(2)fd or ftGr-V. Omma-positional information regulating Ft and Fz is provided
by a gradient of Ds function. This gradient arises from tidia located within the ft mutant tissue were constructed
Cell
678
Figure 3. Fmi Localization Is Altered in ft and fz Mutant Tissues
(A) A section of a fmiE59 clone showing that ommatidia inside the clone display randomized polarities and rotations and often fail to adopt
distinctive R3/R4 fates (indicated by asterisks).
(B) A schematic diagram of (A).
(C) A schematic diagram showing Fmi/Dsh localization pattern at the apical profile of a precluster. Initially, Fmi (red) and Dsh (green) generally
localize to the cell membranes of both R3/R4 precursors. As the cluster rotates, Fmi and Dsh localization becomes asymmetric and is more
concentrated at the R3/R4 cell-cell junction and at the polar border of the R4 cell. Abbreviation: Eq, equator.
(D) Fmi staining at the apical region of an eye disc. Yellow arrows indicate young clusters with general Fmi staining at the R3/R4 precursor
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normally, but they frequently adopted the reversed d-v adopting the same fate depend on Fz function and are
inefficient when only Dl/N-mediated lateral inhibition ispolarity form (40% for ftl(2)fd, 50% for ftGr-V) (Figures
used to specify R3 and R4. In addition, fz ommatidia2B and 2D). In addition to polarity reversals within the
frequently either fail to rotate or rotate incorrectly evenft mutant tissues, occasional reversals of polarity in wild-
when R3 and R4 cells are specified. In contrast, mosttype ommatidia bordering the polar side of the mutant
ft ommatida contain uniquely specified R3 and R4 cellstissue were also observed (data not shown). This effect
and rotate in the proper direction for their pattern of R3/resembles the nonautonomous phenotypes previously
R4 specification. These differences between the fz andreported for fz mutant clones in the eye (Zheng et al.,
ft phenotypes suggest that Fz signaling remains func-1995).
tional in the absence of Ft function.The presence of a randomized pattern of d and v type
To show that the absence of Ft function causes Fzommatidia within ft mutant tissue suggests that Ft is
signaling to occur in a randomly biased pattern withinrequired to correctly bias R3/R4 specification. To con-
R3/R4 precursor pairs, we immunostained eye discsfirm that the initial pattern of R3 and R4 specification
containing ft mutant clones for Flamingo (Fmi)/Starryis randomized in ft mutant ommatidia, the expression
Night (Stan) protein (Chae et al., 1999; Usui et al., 1999).pattern of an R4-specific marker, E(spl)m0.5, was ex-
Previous work has suggested that Fmi and Fz functionamined in ftl(2)fd and ftGr-V clones. This marker consists of
together in a signaling complex at the proximal/distala portion of the enhancer region of the E(spl) gene, a
(p/d) junctions between wing cells (Usui et al., 1999;transcriptional target of N activation, fused to a -galac-
Axelrod, 2001; Shimada et al., 2001; Strutt, 2001). Fur-tosidase (-gal) reporter (Cooper and Bray, 1999). In
thermore, the accumulation of Fmi at a p/d cell-cellwild-type ommatidia, this marker is initially expressed
boundary depends on the presence of differences in Fzin both R3/R4 precursor cells, but then becomes
signaling levels between the two cells (Usui et al., 1999).stronger in the polar cell as this cell is specified as
To first show that Fmi functions during PCP signalingR4 (Figure 2F, white arrows). Within the ft ommatidial
in the eye, we examined clones of cells homozygousclusters, the R4-specific marker was still strongly ex-
for a strong loss-of-function fmi allele (fmiE59). We foundpressed in only one member of the R3/R4 pair. However,
dramatic polarity defects that resembled those seen inthe cell expressing the R4 marker frequently occupied
fz ommatidia. The defects included aberrant rotationthe position normally taken by the equatorial cell (Figure
and a lack of distinct R3/R4 fates (Figures 3A and 3B).2F, blue arrows), indicating that the pattern of R3/R4
Immunostaining eye imaginal discs for Fmi revealedcell fate specification was reversed.
a dynamic pattern of localization within developing om-
matidia. In young clusters prior to ommatidial rotation,
Ft Regulates the Bias of Fz Activity in the R3/R4 Fmi is localized to the cell membranes of both of the
Precursor Cells R3/R4 precursors (Figures 3C and 3D, yellow arrows).
Because the presence of higher Fz signaling in the equa- However, as the clusters initiate rotation, Fmi shows
torial member of the R3/R4 precursor pair is a crucial asymmetric localization and is eventually concentrated
determinant of R3/R4 specification, these results sug- at the cell-cell junction between the R3 and the R4 pre-
gested that Ft may function in the placement or interpre- cursors and at the polar border of the R4 precursor,
tation of positional cues controlling the equatorial/polar where R4 abuts a cell of undetermined fate (Figures 3C
bias of Fz signaling. This model predicts that while Fz and 3D, red arrows). To confirm that this asymmetric
signaling should still occur in the absence of Ft, the localization depends on Fz signaling, Fmi localization
pattern of Fz activation within an R3/R4 pair should be was examined in eye discs from fz mutant animals (fzH51/
randomized with respect to the equator. Consistent with fzKD4a). In the absence of functional Fz, Fmi was uniformly
this prediction, two important differences between the localized to the cell membranes of R3/R4 precursors
ft and fz mutant phenotypes indicate that Fz signaling without obvious signs of asymmetry (Figure 3G). Further
remains intact in ft ommatidia. First, previous studies support for the use of asymmetric Fmi localization as a
have shown that many fz ommatidia are incorrectly marker for Fz signaling came from our observations that
formed and fail to have distinctly specified R3 and R4 GFP-tagged forms of Fz and Dsh, whose localization to
cells (Figures 1G and 1H; Zheng et al., 1995; Cooper the p/d boundaries in wing cells are also Fz dependent
and Bray, 1999). This phenotype indicates that the pro- and coincide with that of Fmi (Axelrod, 2001; Strutt,
2001), similarly colocalize with Fmi within ommatidialcesses preventing both R3 and R4 precursor cells from
membranes. Red arrows indicate older ommatidia displaying asymmetric Fmi staining. As the clusters mature further it becomes difficult to
assess the pattern of Fmi staining.
(E) Staining of Dsh-GFP of the same disc as in (D).
(F) Merge of (D) and (E).
(G) Fmi staining in a fzKD4a/fzH51 eye disc. In contrast to (D), Fmi fails to show asymmetric localization within ommatidial clusters (red arrows).
(H) Fmi staining in a ft mutant clone marked by the lack of GFP staining (red). Fmi is still asymmetrically localized within individual clusters
within the clone. However, in many clusters, the orientation of the asymmetric Fmi staining is reversed (compare pink to blue arrows).
Abbreviations: Eq, equator; Mf, morphogenetic furrow.
(I) Schematic diagram of Fmi localization pattern in clusters pointed to by the pink or the blue arrows in (H).
(J–L) Ectopic Fmi staining at the borders of ft clones anterior to the furrow.
(J) ft clones marked by loss of GFP staining (yellow arrows).
(K) Ectopic Fmi staining (yellow arrows) anterior to the furrow of the same disc as in (J).
(L) Merge of (J) and (K).
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clusters (Figures 3E and 3F and data not shown). Having
established that Fmi localization can be used as a
marker for Fz signaling, we examined Fmi localization
in ft clones. Asymmetric localization of Fmi within indi-
vidual clusters was readily apparent in ft tissue (Figure
3H). However, the pattern of asymmetric localization
was often reversed and correlated with the pattern of
R3/R4 specification as shown by the direction of rotation
of those clusters (Figures 3H and 3I).
Differences in Ft Can Determine the Pattern
of R3 and R4 Specification
We also noted that intense Fmi accumulation was often
apparent anterior to the morphogenetic furrow along
the ft clonal border (Figures 3J–3L). Since differences
in Fz levels between adjacent wing cells can recruit
Fmi to cell-cell boundaries (Usui et al., 1999), this result
suggested that differences in the levels of Ft function
between adjacent cells can result in differences in their
levels of Fz signaling. Thus, these experiments raised
the possibility that asymmetric Fz signaling between the
R3/R4 precursor cells occurs because one precursor
cell has more Ft function than does its neighbor. For
example, Ft function might be consistently higher in the
equatorial precursor cell and act to either enhance Fz
signaling in that cell or to inhibit Fz signaling in the
neighboring polar precursor cell. This model makes two
predictions. First, removal of Ft function only from the
precursor cell that normally has higher Ft function
should lead to reversal, rather than randomization, of
the pattern of R3/R4 specification. In contrast, removal
of Ft from the precursor with lower Ft function should
have little effect on R3/R4 specification. Second, the
ability of differences in Ft signaling within a precursor
pair to determine the pattern of R3/R4 specification
should depend on the presence of Fz activity.
The effect of removing Ft from one member of an R3/
R4 precursor pair was assayed using clones of homozy-
gous ft cells generated in a heterozygous background.
Because there are no strict lineage relationships among
ommatidial cells, the ommatidia along the clonal border
were composed of random combinations of ft/ and
ft/ cells. Among these combinations were mosaic om-
matidia in which only one member of the R3/R4 precur-
sor pair possessed functional Ft. Because ft ommatidia
rotate in the direction corresponding to their pattern of
R3/R4 specification, the fate of the equatorial and the
polar precursors in such R3/R4 mosaic ommatidia could
be determined. In ommatidia that adopted the correct
polarity for their position in the eye, R3 and R4 were
derived from the equatorial and polar precursor cells,
respectively, while in reversed polarity ommatidia, the
R3 was derived from the polar precursor cell and R4
from the equatorial cell. Analysis of 166 R3/R4 mosaic
ommatidia revealed that in all 71 examples where Ft
function was absent from the polar R3/4 precursor cell,
the equatorial cell became R3 and the resulting omma-
tidia displayed normal polarity (Table 1). In contrast, loss
of Ft function from the equatorial cell resulted in the
polar cell becoming R3 and a reversal of ommatidial
polarity in 88 of 95 examples (Table 1). These results
demonstrate that Ft normally acts in the equatorial cell
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to promote the correct pattern of R3/R4 specification.
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Figure 4. Ds Is Important for Proper Pattern of R3/R4 Specification and Is Expressed in a Gradient across Eye Imaginal Disc
(A) Staining of Ft protein in wt eye discs shows that Ft is not present in a graded manner.
(A) Clones of homozygous ftGr-V cells marked by lack of arm-lacZ staining (green).
(A) Ft staining (red) is dramatically reduced in the clones, indicating that the Ft antiserum is specific.
(B) Staining of -gal (red) shows that the ds-lacZ expression is graded along the d-v axis in the eye disc.
(C) Staining of Ds protein in wt discs shows that Ds is present in a gradient along the d-v axis. The graded nature of the Ds protein is apparent
in region near the furrow. Compare red and blue arrows.
(C) Clones of homozygous dsUA071 cells marked by lack of arm-lacZ staining (green).
(C) Ds staining (red) is dramatically reduced in the clones, indicating that the Ds antiserum is specific.
(D–D) Ft is present along membranes of R3/R4 precursors near the morphogenetic furrow and overlaps with Dsh-GFP.
(D) Dsh-GFP staining marks R3/R4 precursors (arrows).
(D) Anti-Ft staining.
(D) Merge of (D) and (D).
(E) A section of a dsUA071 homozygous mutant eye. Red arrows are drawn next to ventral polarity ommatidia. Note that the equator can no
longer be identified.
(F) A section of a dsUA071 clone showing a similar phenotype as in (B). Ommatidia at the clonal border containing all wt photoreceptors sometimes
reverse polarity (black arrows). Many of the R3/R4 mosaic ommatidia are R3ds/R4ds (red asterisks).
(G) Staining for E(spl)m0.5 (green) in the dsUA071 homozygous mutant disc shows that the pattern of R3/R4 specification is randomized (Elav,
red).
(H–J) Ft staining is increased slightly within ds clones.
(H) ds clones marked by absence of arm-lacZ.
(I) Ft staining of the same disc. The increase of Ft staining is most obvious in the regions of the furrow within the ds clones (yellow arrows).
(J) Merge of (H) and (I).
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These data also indicate that in ommatidia lacking Ft the equator (Figure 4B). In order to confirm that this
gradient of ds transcription results in a gradient of Dsfunction only in the equatorial cell, the Ft present in the
polar cell actively directs the reversal of the pattern of protein expression, antibodies were raised against the
intracellular domain of Ds and used to stain eye discs.R3/R4 specification. This is apparent in the observation
that removal of Ft function from only the equatorial cell In the region near the morphogenetic furrow where the
R3 and R4 fates are being specified, graded expressionusually reverses the R3/R4 specification pattern. In con-
trast, loss of Ft function from both precursor cells leads of Ds from the poles was readily apparent (Figures 4C–
4C). In older ommatidia in the posterior region of theto a random pattern of R3/R4 specification. The ability
of strong differences in Ft function to override the normal disc, Ds, like Ft, accumulates in a subset of cells sur-
rounding each ommatidium.positional cues instructing R3/R4 specification is con-
sistent with the idea that the normal equatorial/polar If Ds is an important regulator of Ft, then the absence
of Ds should lead to randomized d-v polarity. This pre-bias in Fz signaling results at least in part from the
presence of higher Ft function in the equatorial precur- diction was examined using animals homozygous for the
ds loss-of-function mutation dsUA071. While Ds function issor cell.
To demonstrate that Fz is required for differences in important for normal viability, a few homozygous dsUA071
mutant animals survive for a few days after eclosion.Ft levels between the R3/R4 precursor cells to dictate
the pattern of R3/R4 specification, we generated ft Similar to ft ommatidia, the ds ommatidia randomly
adopted either d or v polarity (Figure 4E). Similar resultsclones in the eyes of fzKD4a/fzH51 animals. Our analysis of
23 R3/R4 ft mosaic ommatidia revealed that differences were observed in animals transheterozygous for dsUA071
and another strong ds allele (ds38K , data not shown) andin Ft function failed to determine the pattern of R3/
R4 development in the absence of Fz. A ft/ R3/R4 in marked clones of homozygous dsUA071 cells (40%
polarity reversals, Figure 4F). The examination of dsprecursor cell in the fz background adopted either the
R3 or R4 fate with roughly equal frequency (39% speci- mutant clones also showed the presence of nonautono-
mous effects on the polarity of neighboring wild-typefied as R4, 61% as R3; Table 1), in marked contrast
to ft/ cells in mosaic ommatidia generated in a fz tissue along the equatorial border of the clone (Figure
4F, black arrows).background (95% specified as R4, 5% as R3; Table 1).
When the pattern of R3/R4 specification and Fz signal-
ing in ds eye discs were examined by staining for eitherds Is Expressed in a Gradient and Regulates d-v
the E(spl)m0.5 marker or Fmi, the results were veryPolarity and R3/R4 Specification
similar to those described above for ft mutant clonesThe data presented above support a model in which a
(Figure 4G and data not shown). In both cases, the mu-higher Fz signaling in the equatorial member of each
tant ommatidia exhibited polarized Fmi localization andR3/R4 precursor pair results from the presence of higher
R4 reporter expression, but the direction of polarizationFt function in that cell. We next sought to discover the
was randomized. Thus, Ds, like Ft, plays an essentialmechanisms that control the level of Ft function within
role in the establishment of properly biased Fz signalingeach R3/R4 precursor pair. One possibility is that Ft
during R3/R4 specification.could be expressed in a graded fashion from the equator
toward the poles. To investigate this possibility, we
raised antibodies against the intracellular domain of Ft Ds Acts in the Polar R3/4 Precursor Cell
to Promote Correct Ommatidial Polarityand stained wild-type eye discs. We found that Ft is
not expressed in a detectable graded fashion (Figures The requirement for Ds during the establishment of om-
matidial polarity and the gradient of ds expression sug-4A–4A). Instead, Ft appears to be uniformly distributed
along most cell membranes and overlaps with Dsh-GFP gested that higher ds expression in the polar member of
the R3/R4 precursor pair might contribute to the normalprior to the asymmetric localization of Dsh-GFP in the
region near the morphogenetic furrow where R3/R4 cell pattern of R3/R4 specification by modulating Ft func-
tion. For example, the presence of higher Ds in the polarfate decisions are being made (Figures 4D–4D).
The lack of a graded Ft expression suggested that precursor cell might either inhibit Ft function within the
polar cell or else promote Ft function in the neighboringFt might be regulated by proteins that are themselves
expressed in gradients in the eye disc. Two previous equatorial precursor cell. This proposal makes several
predictions. First, loss of Ds function from the polar cell,findings prompted us to test the role of dachsous (ds),
which encodes a Fat-like transmembrane protein con- which would reverse the relative levels of Ds within an
R3/R4 precursor pair, should lead to reversals in R3/taining 27 cadherin repeats in its extracellular domain
(Figure 1I; Clark et al., 1995), as a Ft regulator. First, loss R4 specification pattern and reversals of ommatidial
polarity. In contrast, loss of Ds from the equatorial cell,of Ds function in the wing causes planar polarity defects
(Adler et al., 1998). Second, removal of a single copy of which does not change the direction of the ds gradient
within an ommatidium, should have little effect on polar-ds suppresses defects caused by a dominant ft mutation
(Mohr, 1923), suggesting that Ds might act in conjunc- ity. Finally, loss of Ds from the polar cell should have
no effect if that cell also lacks functional Ft.tion with Ft. To determine whether Ds provides posi-
tional information regulating Ft function in the eye, we To analyze the effects of lacking Ds function in one
member of an R3/R4 precursor pair, homozygous dsUA071first examined ds expression in the eye imaginal disc
using a ds-lacZ enhancer trap (a -gal reporter gene clones were generated in heterozygous animals and R3/
R4 mosaic ommatidia were examined. The loss of Dsinserted in the first intron of ds) that faithfully reproduces
ds expression during 3rd instar larval development (Clark function from the equatorial R3/R4 precursor cell had
only a mild effect on ommatidial polarity (13% polarityet al., 1995). Interestingly, ds-lacZ is expressed in a
graded pattern that is high at the two poles and low at reversals in 127 examples; Table 1). In contrast, loss of
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Figure 5. ds Transcription Is Regulated by Wg But Not Fj
(A) fj-lacZ (red) is expressed in a gradient from the equator.
(B and C) fj overexpression does not affect ds-lacZ expression.
(B) An eye disc containing GFP-labeled clones (green) overexpressing fj.
(C) ds-lacZ expression in the same disc.
(D and E) Removal of fj function does affect ds-lacZ expression.
(D) fjd1 homozygous mutant clones marked by lack of GFP staining (green).
(E) Staining of ds-lacZ in the same disc.
(F) Staining of Wg protein in wt disc shows that Wg (arrows) is present at a higher level at the dorsal-ventral margins.
(G and H) Overexpression of activated Arm causes ectopic ds-lacZ expression.
(G) A disc containing GFP-labeled clones (green) overexpressing UAS-armS10.
(H) ds-lacZ expression in the same disc.
(I and J) Reduction of Arm function causes a reduction in ds-lacZ expression.
(I) armH8.6 clones marked by the absence of GFP (arrows).
(J) ds-lacZ expression is reduced in those clones (arrows).
Ds function from the polar cell led to polarity reversals with the 43% polarity reversals observed when only Ds
function was lost from the polar cell. Indeed, the effectin 43% of 98 examples (Table 1). These data demon-
strate that Ds acts primarily in the polar precursor cell of removing both Ds and Ft functions was remarkably
similar to that of removing Ft alone. In each case, theand are consistent with the idea that the graded ds
expression contributes to the normal pattern of R3/R4 mutant precursor cell was preferentially specified as R4
(80% and 98%, respectively; Table 1). Thus, the absencespecification by providing a higher Ds level to the polar
cell of each R3/R4 precursor pair. However, the observa- of Ft function from one R3/R4 precursor cell determines
the pattern of R3/R4 specification in a manner that istion that differences in Ds function between the R3/R4
precursor cells are less effective than Ft differences at largely independent of input from Ds. These results sug-
gest that Ds acts upstream of Ft and are consistent withdirecting the pattern of R3/R4 specification suggests
that, in addition to its primary role in the polar precursor the idea that the presence of higher Ds levels in the polar
R3/R4 precursor directs correct ommatidial polarity bycell, Ds may also play a role in regulating Fz signaling
from the equatorial cell. ensuring that Ft activity is higher in the equatorial precur-
sor cell.
To further explore how Ds might act in regulating Ft,The Ability of Ds to Control Ommatidial
Polarity Requires Ft Function we asked whether Ft protein level is altered in ds mutant
clones. We stained for Ft in ds clones and found thatIn order to test whether Ds regulates Fz signaling by
modulating Ft function, we examined the genetic inter- the level of Ft is increased slightly within the clones
(Figures 4H–4J). This result suggests that one mode ofaction of ft and ds in specifying R3/R4 cell fates. Since
removal of Ds from the polar precursor cell frequently Ds regulation might be to antagonize Ft protein expres-
sion or stability.causes this cell to become R3 rather than R4 while the
absence of Ft from an R3/R4 precursor cell leads to its
specification as R4, the effects of removing both Ds The fj Gradient Is Important for Regulating
R3/R4 Specificationand Ft from the polar cell were examined using marked
clones of dsUA071, ft Gr-V double mutant cells. Polarity rever- Previous studies have demonstrated that four-jointed
(fj), which encodes a type II transmembrane/secretedsals occurred in only 2.5% (2 out of 80 examples; Table
1) of the R3/R4 mosaic ommatidia in which the polar protein, is expressed in a graded fashion from the equa-
tor toward the poles of the eye imaginal disc (Figuresprecursor cell lacked Ds and Ft. This result contrasts
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Figure 6. Fj, Ft, and Ds Regulate fj-lacZ Expression
(A–C) Overexpression of fj in clones represses fj-lacZ expression.
(A) Clones overexpressing fj marked with GFP.
(B) fj-lacZ expression (red) in the same disc.
(C) Merge of (A) and (B).
(D–F) Loss of ft increases fj-lacZ expression.
(D) ft clones marked by the lack of GFP.
(E) fj-lacZ in the same disc.
(F) Merge of (D) and (E).
(G–I) Removal of Ds in clones reduces fj-lacZ expression.
(G) ds clones marked by lack of GFP staining.
(H) fj-lacZ expression in the same disc as (H).
(I) Merge of (G) and (H).
1I and 5A; Villano and Katz, 1995; Brodsky and Steller, R3/R4 mosaic ommatidia were examined. The loss of Fj
function from the polar precursor cell, which expresses1996, Buckles et al., 2001). Fj has been implicated in
the regulation of ommatidial polarity based on the obser- lower level of Fj, had little effect on ommatidial polarity
(6% reversals in 70 cases; Table 1). In contrast, loss ofvation that reversals of ommatidial polarity occur along
the polar border of fj mutant clones (Zeidler et al., 1999). Fj function from only the equatorial precursor cell led to
polarity reversals in 71% of the 52 cases. These resultsHowever, fj mutant flies and the interior of fj clones
only rarely display polarity defects (Brodsky and Steller, indicate that Fj is mainly required in the equatorial R3/
R4 precursor cell during the determination of ommatidial1996; Zeidler et al., 1999). This has suggested that much
of Fj action during ommatidial polarity formation may polarity. However, when only the equatorial cell lacks
functional Fj, the Fj produced by the polar cell frequentlybe redundant with other signals. We investigated further
the role of Fj by asking whether Fj might regulate Ds or is able to reverse the pattern of R3/R4 specification.
These data suggest that the Fj gradient may play a roleFt function. To determine whether Fj acts predominantly
in one member of the R3/R4 precursor pair, strong loss- in directing R3/R4 specification by providing more Fj
activity to the equatorial precursor cell.of-function fj mutant (fjN7) clones were generated, and
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Fj Regulation of R3/R4 Specification Requires Ds also contributes to the regulation of ds expression,
clones of cells in which Wg signaling was either ectopi-The frequent polarity reversals caused by loss of Fj from
the equatorial cell contrasts markedly with the paucity cally activated or reduced were examined in animals
carrying the ds-lacZ reporter. Ectopic activation wasof polarity defects in fj mutant animals. A possible expla-
nation for this difference is that Fj might act by modulat- achieved by overexpressing a constitutively activated
form of Armadillo (Arm) and resulted in a dramatic in-ing Ds function. Thus, loss of Fj from an entire eye would
leave a Ds gradient in place to direct ommatidial polarity. crease in ds-lacZ expression (Figures 5G and 5H). The
effects of attenuating Wg signaling were assayed inIn contrast, loss of Fj from only the equatorial precursor
may reverse the gradient of Ds function within an R3/ clones of cells homozygous for the hypomorphic armH8.6
mutation. ds-lacZ expression was severely reduced inR4 pair. If this model were correct, differences in Fj
function between the R3/R4 precursor cells should be these clones (Figures 5I and 5J). Combined with previ-
ous studies of fj-lacZ expression, these data suggestineffective at biasing cell fate specification in the ab-
sence of Ds. However, differences between the R3/R4 that the ds and fj expression gradients result in large
part from the presence of a gradient of Wg signalingprecursor cells in their levels of Ds function should be
able to direct ommatidial polarity even in the absence that increasingly activates ds and inhibits fj expression
near the poles. It is worth emphasizing that the receptorof Fj.
The first prediction was tested by examining fj clones mediating the effects of Wg on fj and ds expression is
likely to be another member of the Fz family, perhapsgenerated in dsUA071 flies. Since the lack of a recognizable
equator in homozygous ds mutant eyes (Figure 4E) made dFrizzled2 (dFz2), rather than Fz itself. This is evident
from the observation that fj-lacZ expression is not af-it impossible to designate normal versus reversed polar-
ity ommatidia in fjN7 clones, the fj R3/R4 mosaic omma- fected by the loss of Fz function (Zeidler et al., 1999).
tidia were analyzed by measuring the frequency with
which the fj/precursor cell became R4. When fj mosaic fj Is a Transcriptional Target of the Fj/Ds/Ft
ommatidia were assayed in ds mutant flies, the fj/ Signaling Pathway
precursor cell was equally likely to become R3 or R4 The genetic epistasis experiments described in the pre-
(54% as R4, 46% as R3; Table 1). In contrast, the fj/ vious sections strongly suggest that Fj, Ds, and Ft act
cell became R4 in 84% of cases when fj mosaic clones together to control PCP signaling. Further support for
were generated in a ds background. These data show their placement in a common pathway came from an
that differences in Fj function can only specify the pat- analysis of fj-lacZ expression. It has been demonstrated
tern of R3/R4 specification when Ds is present. The previously that Fj can regulate its own expression
ability of differences in Ds levels to influence R3/R4 (Zeidler et al., 1999). We found that fj overexpression in
specification in the absence of Fj function was examined eye disc clones repressed fj-lacZ expression within the
by generating dsUA071 clones in either wild-type or homo- clones (Figures 6A–6C). When fj-lacZ expression was
zygous fjN7 flies. When ds mutant clones were induced examined in ft and ds eye disc clones, we found that
in wild-type background, the ds/ cell has 68% chance the loss of Ft led to an increase in fj-lacZ reporter expres-
of becoming an R3 (Table 1). Interestingly, when ds sion, while the loss of Ds led a reduction in fj-lacZ ex-
clones were induced in fj animals, this frequency was pression (Figures 6D–6I). These results suggest that Fj
increased to 85 % (Table 1), showing that the lack of regulates its own expression via a pathway involving Ft
Fj not only fails to block the action of Ds but instead and Ds. While the importance of the fj transcriptional
enhances the ability of Ds differences to dictate the regulation by Fj, Ft, and Ds to ommatidial polarity is
pattern of R3/R4 specification. These results support a presently unclear, these data provide further evidence
model in which Fj acts upstream of Ds, perhaps as a that these proteins can act in a common signaling
regulator of Ds function. pathway.
Since fj and ds are expressed in opposing gradients
in the eye, one possible mechanism by which Fj could Discussion
regulate Ds function would be to inhibit ds transcription.
This possibility was investigated by examining ds-lacZ Planar polarization in the Drosophila eye is evident in
expression in clones of cells that either lack Fj function the consistent orientation of the ommatidial units with
or overexpress Fj (Figures 5B–5E). The lack of detectable respect to the equator and poles of the eye. The key
effect on ds-lacZ expression in these experiments indi- step in this process is the establishment of a higher level
cate that Fj does not act by antagonizing ds expression. of Fz PCP signaling activity in the equatorial member
of the R3/R4 precursor pair. In this report, we have
investigated the mechanisms by which the R3/R4 pre-Wg Regulates the ds Expression Gradient
Our analysis supports the idea that positional informa- cursor cells within an ommatidium sense which cell is
closer to the equator. We show that the cadherin super-tion controlling Fz signaling during ommatidial develop-
ment is provided by the opposing gradients of fj and family members, Ft and Ds, play essential roles in this
process. Support for this conclusion comes from analyz-ds expression. The question arises as to how these
gradients are established. Previous work has shown that ing ommatidial development in the absence of Ft or Ds
activity. In either case, the orientation of ommatidiala major determinant of the fj expression gradient is Wg,
a secreted Wnt class ligand expressed at high levels at polarity and Fz-dependent signaling events are random-
ized with respect to the equator. From our data, wethe two poles of the eye disc (Figure 5F; Treisman and
Rubin, 1995), which negatively regulates fj expression propose a model (Figure 7) for the establishment of
PCP in which the presence of higher Ft function in the(Zeidler et al., 1999). To test whether the Wg gradient
Cell
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Figure 7. A Model for Planar Polarity Signal-
ing in the Drosophila Eye
(A) Wg is expressed at the poles of the disc
and directs graded fj and ds expression, re-
sulting in the presence of higher ds and lower
fj expression in the polar cell of each R3/R4
precursor pair.
(B) Four possibilities are shown for how Fj,
Ds, and Ft can act to regulate differential Fz
activation within an R3/R4 pair. Within each
R3/R4 precursor pair, the presence of more
Fj in the equatorial cell accentuates the differ-
ence in Ds function between the precursors
by either inhibiting Ds function in a cell-auton-
omous manner (I, III) or by promoting higher
Ds function in the polar cell (II, IV). Similarly,
the presence of relatively higher Ds function
in the polar cell could result in a difference
in Ft function between the R3/R4 precursors
by either inhibiting Ft function in a cell-auton-
omous fashion (I, II) or by stimulating Ft func-
tion in the equatorial cell (III, IV). The differ-
ence in Ft function between the precursor
cells biases Fz signaling so that the equatorial
cell has higher Fz activity.
equatorial cell allows it to attain a higher level of Fz polarity, many issues remain that will only be answered
by biochemical analysis of the signaling pathway.signaling than its polar neighbor. This idea is supported
by analysis of ommatidia in which one member of the R3/ Among the most important of these is whether the regu-
lation at each step of the pathway occurs in a cell-R4 precursor pair lacks Ft function. This mosaic analysis
showed that Ft normally functions from the equatorial autonomous or in a nonautonomous “crosstalk” man-
ner. Because the specification of the R3 and R4 cells isprecursor cell to promote correct ommatidial polarity
and that the absence of Ft from the equatorial precursor determined by a competition between them for the
higher Fz signaling state, two possible mechanisms ex-cell allows Ft present in the polar cell to direct the polar
cell to become R3. ist for each step in the proposed pathway. Using the
regulation of Ft by Ds as an example, the presence ofA second feature of the proposed model is that greater
Ft function in the equatorial cell results from the pres- higher Ds in the polar cell may act in a cell-autonomous
manner to inhibit Ft function, causing the polar cell toence of greater Ds function in the adjacent polar precur-
sor cell. Important support for this idea comes from have less Ft activity than its equatorial neighbor (Figure
7B, I and II). Alternatively, Ds in the polar cell couldmosaic experiments showing that Ds acts primarily in
the polar precursor cell and from genetic epistasis ex- promote Ft function in the neighboring equatorial cell
(Figure 7B, III and IV), perhaps as a result of cadherinperiments between ft and ds that are consistent with
Ds acting through the modulation of Ft. The final element domain interactions between Ds and Ft across the junc-
tion of the two cells. It is worth noting that cadherinof the model is that the presence of greater Ds function
in the polar precursor cell results from two sources. ds domain interactions of Ft or Ds with Fmi may also play an
important role in Fz regulation. For example, the ability oftranscription is graded (high at the poles, low at the
equator) across the eye disc due to a stimulation of Fmi to inhibit Fz signaling in the wing (Usui et al., 1999;
D.R.P. Tree et al., submitted) raises the possibility thatds transcription by the secreted ligand Wg, which is
expressed at the poles. A second source of Ds regula- Ft on the surface of the equatorial cell might bind to
and stimulate the activity of Fmi in the neighboring polartion appears to come from the action of Fj, which is
expressed in a graded fashion from the equator and cell. Addressing these different mechanisms of action
will require detailed understanding of the architectureacts in the equatorial cell, in which it is more highly
expressed, to promote R3 fate. Importantly, results from of the cell-cell junction formed between the R3/R4 pre-
cursor cells.genetic epistasis experiments between fj and ds are
consistent with Fj regulating ommatidial polarity by One important implication of this study regards the
role of Wnt proteins in regulating PCP. While the centralmodulating Ds function.
While the proposed model provides a genetic frame- role of Fz in PCP signaling has led to the proposal that
a Wnt gradient might directly control the orientationwork for understanding of how Ft, Ds, and Fj collaborate
to regulate Fz signaling and the orientation of planar of planar polarization by acting as a graded Fz ligand,
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for 1 hr on ice with the exception of Fmi (2 hr in 4% formaldehyde).appropriately expressed Wnts have not been reported.
To stain for -gal, 1/1000 diluted mouse monoclonal antibodiesOur analysis provides a possible explanation for the
(Promega) or 1/10,000 diluted rabbit polyclonal antibodies (Cappel)directional bias of Fz signaling that does not rely directly
against -gal were used. To stain for Fmi, a 1/10 diluted mouse
on a Wnt molecule to provide a graded Fz activating monoclonal antibodies against Fmi (a gift from T. Uemura) was used.
signal. It is important to note, however, that these experi- To stain for GFP, 1/200–1/5000 diluted rabbit anti-GFP or mouse
anti-GFP (Molecular Probes) were used. Antibodies to Ft (used atments do not rule out the possibility that a Wnt molecule
1/1000) and Ds (used at 1/20,000) were generated in rats usingmight participate in planar polarity signaling in the eye
glutathione-S-transferase fusion proteins containing amino acidsby providing a basal level of Fz activation that is then
4612–4723 and 3145–3298 of Ft and Ds, respectively. Cy3, Cy5, andmodified by the action of Fj, Ds, and Ft.
FITC-conjugated secondary antibodies (Jackson Lab) were used
between 1:200 and 1:500 dilution. Confocal pictures were taken with
Conservation of Planar Polarity Signaling a Biorad MRC 1024 microscope.
In this report, we have proposed a model for directionally
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